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Abstract
Recently we have reported the correct formulation of the hadron formation from the quarks and
gluons by using the lattice QCD method at the zero temperature. Similarly we have also reported
the correct formulation of the hadron formation from the thermalized quark-gluon plasma by using
the lattice QCD method at the finite temperature. In this paper we extend this to non-equilibrium
QCD and present the correct formulation of the hadron formation from the non-equilibrium quark-
gluon plasma by using the closed time path integral formalism. Hadron formation from the non-
equilibrium quark-gluon plasma is necessary to detect the quark-gluon plasma at RHIC and LHC.
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I. INTRODUCTION
There has been lot of efforts to produce the quark-gluon plasma (QGP) in the laboratory.
The QGP existed in the early universe just after 10−12 seconds of the big bang. Hence it is
important to recreate this early universe scenario in the laboratory [1–3]. The temperature
of the quark-gluon plasma is ≥ 200 MeV (≥ 1012 Kelvin) which corresponds to the energy
density ≥ 2 GeV/fm3 which is higher than the energy density (∼ 0.15 GeV/fm3) of the
normal nucleus.
There are two experiments which study the quark-gluon plasma formation in the labora-
tory: 1) relativistic heavy-ion colliders (RHIC) at BNL and 2) large hadron colliders (LHC)
at CERN. The RHIC collides the heavy nuclei Au-Au at the total center of mass energy
√
s
= 39.4 TeV and the LHC collides the heavy nuclei Pb-Pb at the total center of mass energy
√
s = 1044.16 TeV. Since the total center of mass energies at these heavy-ion colliders are
very high which are deposited over the small volumes just after the nuclear collisions, there
is no doubt that the initial energy densities created in these nuclear collisions are much
higher than the required energy density (∼ 2 GeV/fm3) to produce the quark-gluon plasma.
However, the major challenge is to detect the quark-gluon plasma at RHIC and LHC
and to study its properties. This is because we have not directly experimentally observed
quarks and gluons. In QCD in vacuum we measure hadronic cross section at the high
energy colliders which is calculated from the partonic scattering cross section by using the
factorization theorem in QCD [4–6]. Hence we cannot directly detect the quark-gluon plasma
at RHIC and LHC. For this reason indirect signatures are proposed for its detection. The
major indirect signatures for the quark-gluon plasma detection at RHIC and LHC are: 1)
j/ψ suppression, 2) jet quenching, 3) strangeness enhancement, 4) dilepton production and
5) diphoton emission.
Note that since the two nuclei at RHIC and LHC travel almost at the speed of light
the quark-gluon plasma formed at RHIC and LHC may be in non-equilibrium from the
beginning to the end. This is because the hadronization time scale in QCD is ∼ 1 fm/c.
This time is too small for many more secondary partonic collisions to take place to bring
the system into equilibrium.
If the quark-gluon plasma is in non-equilibrium at RHIC and LHC from the beginning to
the end then it becomes extremely difficult to detect the quark-gluon plasma by using the
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indirect signatures. This is because all the indirect hadronic signatures have to calculated in
non-equilibrium and non-perturbative QCD by using the closed-time path integral formalism
in non-equilibrium QCD which is an extremely difficult problem.
Note that although there have been lot of progress in the perturbative QCD (pQCD) but
there has not been much progress in the non-perturbative QCD. In the renormalized QCD
[7] the coupling increases as the distance increases due to asymptotic freedom [8, 9]. Since
the hadron formation from quarks and gluons is a long distance phenomenon in QCD one
needs to solve the non-perturbative QCD to study the hadron formation from the quarks
and gluons. However, it is impossible to solve the non-perturbative QCD analytically due
to the presence of cubic and quartic gluonic field terms in the QCD lagrangian in the path
integration in QCD [see section II for details].
For this reason the lattice QCD is used to numerically compute the path integration in
QCD in the Euclidean time to study the hadron formation from the quarks and gluons in
QCD in vacuum. Since the Euclidean time can be related to the inverse of the temperature,
the lattice QCD is also applicable at the finite temperature QCD to study the thermalized
quark-gluon plasma.
Recently we have reported the correct formulation of the hadron formation from the
quarks and gluons by using the lattice QCD method at the zero temperature [10] by incor-
porating the non-zero boundary surface term in QCD which arises in the energy conservation
equation in the Noether’s theorem in QCD [11] due to the confinement of quarks and gluons
inside the finite size hadron [12]. Similarly we have also reported the correct formulation of
the hadron formation from the thermalized quark-gluon plasma by using the lattice QCD
method at the finite temperature [13] by incorporating this non-zero boundary surface term
in QCD. We have also studied the parton to hadron fragmentation function using the lattice
QCD method at zero temperature in [14]. Similarly we have studied the parton to hadron
fragmentation function from the quark-gluon plasma using the lattice QCD method at the
finite temperature in [15].
However, as explained above the actual quark-gluon plasma at RHIC and LHC may be
in non-equilibrium from the beginning to the end. Hence it is necessary to study the hadron
formation from the non-equilibrium quark-gluon plasma in order to detect the quark-gluon
plasma at RHIC and LHC.
In this paper we present the correct formulation of the hadron formation from the non-
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equilibrium quark-gluon plasma by using the closed time path integral formalism in non-
equilibrium QCD. Hadron formation from the non-equilibrium quark-gluon plasma is nec-
essary to detect the quark-gluon plasma at RHIC and LHC.
The paper is organized as follows. In section II we discuss the hadron formation from
the quarks and gluons by using the lattice QCD method at the zero temperature. In section
III we discuss the hadron formation from the thermalized quark-gluon plasma by using the
lattice QCD method at finite temperature. In section IV we present the correct formulation
of the hadron formation from the non-equilibrium quark-gluon plasma at RHIC and LHC by
using the closed-time path integral formalism in non-equilibrium QCD. Section V contains
conclusions.
II. HADRON FORMATION FROM QUARKS AND GLUONS USING LATTICE
QCD METHOD AT ZERO TEMPERATURE
The partonic operator QH(x) to study the hadron H is chosen in such a way that it con-
tains the same quantum numbers of the hadron H . For example, for the pion pi+ formation
the partonic operator is given by
Qpi+(x) = ψ†d(x)γ5ψu(x) (1)
where ψu(x) is the up quark field and ψd(x) is the down quark field. Similarly, for the proton
P formation the partonic operator is given by
QP (x) = ψu(x)ψd(x)Cγ5ψu(x) (2)
where C is the charge conjugation operator and for the neutron N formation the partonic
operator is given by
QN(x) = ψd(x)ψu(x)Cγ5ψd(x). (3)
In the path integral formulation the non-perturbative correlation function of the partonic
operator QH(x) to study the hadron H formation in QCD at zero temperature is given by
< 0|QH(x′)QH(0)|0 >= 1
Z[0]
∫
[dA][dψ¯][dψ]×QH(x′)QH(0)× det[δJ
a
f
δωb
]
×exp[i
∫
d4x[−1
4
F cνλ(x)F
νλc(x)− 1
2α
[Jcf (x)]
2 + ψ¯k(x)[δ
ki(i6 ∂ −m) + gT ckiA/c(x)]ψi(x)]]
(4)
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where |0 > is the non-parturbative vacuum state (not the pQCD vacuum state but the full
QCD vacuum state), Jaf (x) is the gauge fixing term, α is the gauge fixing parameter, ψi is
the quark field, Aaµ(x) is the gluon field, m is the quark mass and
F cνλ(x) = ∂νA
c
λ(x)− ∂λAcν(x) + gf chsAhν(x)Asλ(x). (5)
Note that in eq. (4) we do not have any ghost fields because we directly work with the
ghost determinant det[
δJa
f
δωb
] in this paper. A typical choice of the gauge fixing term in the
covariant gauge is given by Jcf(x) = ∂
νAcν(x).
In the Heisenberg representation the time evolution of the partonic operator is given by
QH(t, r) = e−itHQCDqq¯g QH(0, r)eitHQCDqq¯g (6)
where HQCDqq¯g is the QCD Hamiltonian of all the quarks plus antiquarks plus gluons inside
the hadron H . Using eq. (6) in (4) we find
< 0|QH(t′, r′)QH(0)|0 >=< 0|e−it′HQCDqq¯g QH(0, r′)eit′HQCDqq¯g QH(0)|0 > . (7)
Using
HQCDqq¯g |0 >= 0 (8)
in eq. (7) we find
< 0|QH(t′, r′)QH(0)|0 >=< 0|QH(0, r′)eit′HQCDqq¯g QH(0)|0 > . (9)
Inserting a complete set of hadronic energy eigenstates
∑
l
|Hl >< Hl| = 1 (10)
in eq. (9) we find
< 0|QH(t′, r′)QH(0)|0 >=∑
l
< 0|QH(0, r′)|Hl >< Hl|QH(0)|0 > ei
∫
dt′E
QCD
qq¯g, l
(t′) (11)
where EQCDqq¯g, l(t) is the energy of all the quarks plus antiquarks plus gluons inside the hadron
H in its lth level and
∫
dt′ is an indefinite integration.
Note that ei
∫
dtE
QCD
qq¯g, l
(t) is oscillatory in the Minkowski time (real time) and hence one can
not neglect the higher energy level contribution of the hadron H . For this reason one goes
to the Euclidean time (imaginary time) τ defined by
−it = τ (12)
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to find from eq. (11)
< 0|QH(τ ′, r′)QH(0)|0 >=∑
l
< 0|QH(0, r′)|Hl >< Hl|QH(0)|0 > e−
∫
dτ ′E
QCD
qq¯g, l
(τ ′).
(13)
Since e−
∫
dτE
QCD
qq¯g, l
(τ) is exponentially decaying one can neglect the higher energy level contri-
bution of the hadron H in the large Euclidean time limit to find from eq. (13)
∑
r′
[< 0|QH(τ ′, r′)QH(0)|0 >]τ ′→∞ = | < 0|QH(0)|H > |2e−
∫
dτ ′E
QCD
qq¯g (τ
′)
(14)
where EQCDqq¯g (t) is the energy of all the quarks plus antiquarks plus gluons inside the hadron
H in its ground state with
|H >= |Hl=0 > (15)
being the energy eigenstate of the hadron H in its ground state.
The energy of the hadron EH is given by [10]
EH = EQCDqq¯g (t) + E
QCD
flux (t) (16)
where EQCDflux (t) is the non-zero energy flux in the energy conservation equation in the
Noether’s theorem in QCD [11]. The energy flux EQCDflux (t) is non-zero due to the con-
finement of quarks and gluons inside the finite size hadron [12]. The non-zero energy flux in
QCD can be calculated by using the lattice QCD method at the zero temperature by using
the formula [10]
dEQCDflux (τ
′)
dτ ′
= [
< 0|∑r′′′ QˆH(τ ′′′, r′′′)∑q,q¯,g ∫ d3x′∂kT k0QCD(τ ′, x′)QˆH(0)|0 >
< 0|∑r′′′ QˆH(τ ′′′, r′′′)QˆH(0)|0 >
]τ ′′′→∞. (17)
where T µνQCD(x) is the energy-momentum tensor density in QCD given by [11]
T µσQCD(x) = ψ¯i(x)γ
µ[δiji∂σ − igT aijAaσ(x)]ψj(x) + F µδa(x)F σaδ (x) +
gµσ
4
F νδa(x)F aνδ(x).
(18)
Using eqs. (16) and (17) in (14) for the hadron at rest we find
| < 0|QˆH(0)|H > |2 e−τ ′MH =


∑
r′ < 0|QˆH(τ ′, r′)QˆH(0)|0 >
e
[
<0|
∑
r′′′
QˆH (τ ′′′,r′′′)
∑
q,q¯,g
∫
dτ ′
∫
d3x′∂kT
k0
QCD
(τ ′,x′)QˆH (0)|0>
<0|
∑
r′′′
QˆH (τ ′′′,r′′′)QˆH (0)|0>
]τ ′′′→∞


τ ′→∞
(19)
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where MH is the mass of the hadron,
∫
dτ ′ is the indefinite integration and
∫
d3r′ is the
definite integration.
Eq. (19) is the correct formula to study the hadron formation from the quarks and gluons
by using the lattice QCD method at the zero temperature.
III. HADRON FORMATION FROM THE THERMALIZED QUARK-GLUON
PLASMA USING LATTICE QCD METHOD AT FINITE TEMPERATURE
Since eq. (19) in the zero temperature QCD is in the Euclidean time one finds it useful to
extend the eq. (19) to the finite temperature QCD because the Euclidean time (imaginary
time) can be related to the inverse of the temperature as follows [13]
−i
∫ ∞
0
dt→
∫ 1
T
0
dτ. (20)
In order to calculate the medium average in statistical physics using the quantum field theory
one finds that the quantum field satisfies the periodic boundary condition, i. e., the quark
and gluon fields at finite temperature QCD satisfy the periodic boundary conditions
Adλ(τ, r) = A
d
λ(τ +
1
T
), ψk(τ, r) = ψk(τ +
1
T
, r). (21)
The non-perturbative correlation function in the finite temperature QCD is given by [13]
< in|QH(τ ′, r′)QH(0)|in >= 1
Z[0]
∫
[dA][dψ¯][dψ]QH(τ ′, r′)QH(0)× det[δJ
a
f
δωb
]× exp[−
∫ 1
T
0
dτ
∫
d3r[−1
4
F aνσ(τ, r)F
νσa(τ, r)− 1
22α
[Jdf (τ, r)]
2 + ψ¯i(τ, r)[δ
ij(i6 ∂ −m) + gT dijA/d(τ, r)]ψj(τ, r)]]
(22)
where |in > is the non-perturbative ground state in the finite temperature QCD.
Using eq. (6) in (22) we find
< in|QH(t′, r′)QH(0)|in >=< in|e−itHQCDqq¯g QH(0, r′)eit′HQCDqq¯g QH(0)|in > . (23)
Hence inserting the complete set of hadronic energy eigenstates as given by eq. (10) in eq.
(23) we find
< in|QH(t′, r′)QH(0)|in >=∑
l
< in|e−it′HQCDqq¯g QH(0, r′)|Hl >< Hl|QH(0)|in > ei
∫
dt′E
QCD
qq¯g, l
(t′)
(24)
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Note that unlike eq. (8) in zero temperature QCD we find
HQCDqq¯g |in > 6= 0 (25)
in the finite temperature QCD. Using eq. (25) in (24) we find
∑
r′
< in|QH(t′, r′)QH(0)|in > 6=∑
l
| < in|QH(0)|Hl > |2ei
∫
dt′E
QCD
qq¯g, l
(t′). (26)
Hence from eq. (26) we find that unlike the hadron formation using the non-perturbative
correlation function < 0|QˆH(τ ′, r′)QˆH(0)|0 > in eq. (19) in QCD in vacuum we cannot use
< in|QˆH(τ ′, r′)QˆH(0)|in > to study the hadron formation from the thermalized quark-gluon
plasma.
Instead, the non-perturbative correlation function
∑
r′
< in|eit′HQCDqq¯g QH(t′, r′)QH(0)|in >=∑
l
| < in|QH(0)|Hl > |2ei
∫
dt′E
QCD
qq¯g, l
(t′) (27)
which in the Euclidean time (in the finite temperature QCD formalism) becomes
∑
r′
< in|e−τ ′HQCDqq¯g QH(τ ′, r′)QH(0)|in >=∑
l
| < in|QH(0)|Hl > |2e−
∫
dτ ′E
QCD
qq¯g, l
(τ ′) (28)
can be used to study the hadron production from thermalized quark-gluon plasma where
< in|e−τ ′HQCDqq¯g QH(τ ′, r′)QH(0)|in >= 1
Z[0]
∫
[dA][dψ¯][dψ]e−τ
′H
QCD
qq¯g QH(τ ′, r′)QH(0)× det[δJ
a
f
δωb
]
×exp[−
∫ 1
T
0
dτ
∫
d3r[−1
4
F aνσ(τ, r)F
νσa(τ, r)− 1
22α
[Jdf (τ, r)]
2 + ψ¯i(τ, r)[δ
ij(i6 ∂ −m)
+gT dijA/
d(τ, r)]ψj(τ, r)]]. (29)
Note that the limit of τ from 0 to 1
T
in eq. (29) is necessary to evaluate the thermal average of
partons inside quark-gluon plasma which is the standard procedure in the finite temperature
quantum field theory to evaluate the thermal average to correspond to the statistical physics.
However, the hadron can not be formed inside the quark-gluon plasma because the quark-
gluon plasma belongs to the deconfined phase of QCD whereas the hadron belongs to the
confined phase of QCD separated by the deconfinement temperature Tc. Hence the hadron
is formed outside the quark-gluon plasma medium. Since the hadron is formed in vacuum
(outside the quark-gluon plasma medium) one finds that the limit of τ ′ can go to ∞ in eq.
(29) even if the limit of τ goes to 1
T
.
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Hence by neglecting the higher energy level contribution of the hadron at the large Eu-
clidean time [similar to eq. (14)] we find from eq. (28)
[
∑
r′
< in|e−τ ′HQCDqq¯g QH(τ ′, r′)QH(0)|in >]τ ′→∞ = | < in|QH(0)|H > |2e−
∫
dτ ′E
QCD
qq¯g (τ
′).
(30)
Since the hadron is formed in the vacuum (outside the quark-gluon plasma medium) the
eqs. (16) and (17) are applicable in eq. (30).
Hence using eqs. (16) and (17) in (30) we find [similar to eq. (19)] for the hadron at rest
[13]
| < in|QˆH(0)|H > |2 =


∑
r′ < in|e−τ ′H
QCD
qq¯g QˆH(τ ′, r′)QˆH(0)|in >
e
[
<0|
∑
r′′′
QˆH (τ ′′′,r′′′)
∑
q,q¯,g
∫
dτ ′
∫
d3x′∂kT
k0
QCD
(τ ′,x′)QˆH (0)|0>
<0|
∑
r′′′
QˆH (τ ′′′,r′′′)QˆH (0)|0>
]τ ′′′→∞


τ ′→∞
eτ
′MH .
(31)
Hence the hadron formation from thermalized quark-gluon plasma can be studied from eq.
(31) by using the lattice QCD method at the finite temperature.
IV. HADRON FORMATION FROM NON-EQUILIBRIUM QUARK-GLUON
PLASMA AT RHIC AND LHC BY USING CLOSED-TIME PATH INTEGRAL
FORMALISM IN NON-EQUILIBRIUM QCD
Note that in non-equilibrium quantum field theory we cannot use the Euclidean time
(imaginary time) as given by eqs. (12) and (20) because the non-equilibrium quantum field
theory is formulated in the real time. Hence if we extend the analysis of sections II and III
to non-equilibrium QCD then we will not get the exponential decay behavior as given by
eqs. (13) and (28) but rather we will obtain the oscillating behavior such as ei
∫
dt′E
QCD
qq¯g, l
(t′).
Therefore in non-equilibrium QCD we cannot neglect the higher energy level contributions
of the hadron at the large time as we did in eqs. (14) and (30) for the QCD in vacuum
and for the QCD at the finite temperature respectively. This is the main problem to study
hadron formation in non-equilibrium QCD which needs to be handled carefully.
In order to study the hadron formation from non-equilibrium quark-gluon plasma by
using closed-time path integral formalism in non-equilibrium QCD we proceed as follows.
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The non-perturbative correlation function in the closed-time path integral formalism in
non-equilibrium QCD is given by [16]
< in|QH+ (t′, r′)QH+ (0)|in >=
∫
[dA+][dA−][dψ¯+][dψ+][dψ¯−][dψ−]QH+ (t′, r′)QH+ (0)× det[
δJaf+
δωb+
]
×det[δJ
a
f−
δωb−
]× exp[i
∫
d4x[−1
4
F aνσ+(x)F
νσa
+ (x) +
1
4
F aνσ−(x)F
νσa
− (x)−
1
22α
[Jdf+(x)]
2 +
1
22α
[Jdf−(x)]
2
+ψ¯i+(x)[δ
ij(i6 ∂ −m) + gT dijA/d+(x)]ψj+(x)− ψ¯i−(x)[δij(i6 ∂ −m) + gT dijA/d−(x)]ψj−(x)]]
× < A+, ψ¯+, ψ+, 0|ρ|0, ψ−, ψ¯−, A− > (32)
where |in > is the non-perturbative ground state in non-equilibrium QCD, ρ is the initial
density of states, ± are closed-time path indices and
F cνλ±(x) = ∂νA
c
λ±(x)− ∂λAcν±(x) + gf chsAhν±(x)Asλ±(x). (33)
Using eq. (6) in (32) we find
< in|QH+ (t′, r′)QH+ (0)|in >=< in|e−itH
QCD
qq¯g+QH+ (0, r′)eit
′H
QCD
qq¯g+QH+ (0)|in > . (34)
Note that one can also formulate the QCD in vacuum using the closed-time path integral
formalism, however it is not necessary as it brings unnecessary complications. Hence, as
mentioned in section III, since the hadron H is formed in vacuum (outside the quark-gluon
plasma plasma medium) we find
HQCDqq¯g+ |Hl >= EQCDqq¯g, l(t)|Hl > (35)
where EQCDqq¯g, l(t) is the energy of all the quarks plus antiquarks plus gluons inside the hadron
H in its lth level where the hadron H is formed in vacuum (outside the quark-gluon plasma
plasma medium).
Therefore inserting the complete set of hadronic energy eigenstates as given by eq. (10)
in eq. (34) and then using eq. (35) we find
< in|QH+ (t′, r′)QH+ (0)|in >=
∑
l
< in|e−it′HQCDqq¯g+QH+ (0, r′)|Hl >< Hl|QH+ (0)|in > ei
∫
dt′E
QCD
qq¯g, l
(t′)
(36)
Note that unlike eq. (8) in zero temperature QCD we find
HQCDqq¯g+ |in > 6= 0 (37)
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in non-equilibrium QCD. Using eq. (37) in (36) we find
< in|QH+ (t′, r′)QH+ (0)|in > 6=
∑
l
< in|QH+ (0, r′)|Hl >< Hl|QH+ (0)|in > ei
∫
dt′E
QCD
qq¯g, l
(t′).
(38)
Hence from eq. (38) we find that unlike the hadron formation using the non-perturbative
correlation function < 0|QˆH(t′, r′)QˆH(0)|0 > in eq. (19) in QCD in vacuum we cannot
use < in|QˆH+ (t′, r′)QˆH+ (0)|in > to study the hadron formation from the non-equilibrium
quark-gluon plasma.
Instead, the non-perturbative correlation function
∑
r′
< in|eit′HQCDqq¯g+QH+ (t′, r′)QH+ (0)|in >=
∑
l
| < in|QH+ (0)|Hl > |2ei
∫
dt′E
QCD
qq¯g, l
(t′) (39)
is non-equilibrium QCD is similar to eq. (27) in finite temperature QCD.
Note that in finite temperature QCD we could go to Euclidean time to find eq. (28) which
contains the factor e−
∫
dτ ′E
QCD
qq¯g, l
(τ ′) which is exponentially falling so that we could neglect the
higher energy level contributions of hadron at the large Euclidean time to obtain eq. (30).
However, we cannot follow the same procedure in non-equilibrium QCD because we
can not go to Euclidean time (imaginary time) in non-equilibrium QCD because the non-
equilibrium quantum field theory is formulated in real time (Minkowski time). Therefore we
can not obtain the exponentially falling factor from eq. (39) in non-equilibrium QCD.
Hence we find that, in order to study hadron production from the non-equilibrium
quark-gluon plasma, the corresponding non-perturbative partonic correlation function in
non-equilibrium QCD using the closed-time path integral formalism is given by
< in|QH+ (0, r′)e−t
′H
QCD
qq¯g+QH+ (0)|in >=
∫
[dA+][dA−][dψ¯+][dψ+][dψ¯−][dψ−]QH+ (0, r′)e−t
′H
QCD
qq¯g+QH+ (0)
×det[δJ
a
f+
δωb+
]× det[δJ
a
f−
δωb−
]× exp[i
∫
d4x[−1
4
F aνσ+(x)F
νσa
+ (x) +
1
4
F aνσ−(x)F
νσa
− (x)−
1
22α
[Jdf+(x)]
2
+
1
22α
[Jdf−(x)]
2 + ψ¯i+(x)[δ
ij(i6 ∂ −m) + gT dijA/d+(x)]ψj+(x)− ψ¯i−(x)[δij(i6 ∂ −m)
+gT dijA/
d
−(x)]ψj−(x)]]× < A+, ψ¯+, ψ+, 0|ρ|0, ψ−, ψ¯−, A− > . (40)
Inserting the complete set of hadronic energy eigenstates as given by eq. (10) in eq. (40)
and then using eq. (35) we find
∑
r′
< in|QH+ (0, r′)e−t
′H
QCD
qq¯g+QH+ (0)|in >=
∑
l
| < in|QH+ (0)|Hl > |2e−
∫
dt′E
QCD
qq¯g, l
(t′) (41)
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which contains the corresponding exponentially falling factor e−
∫
dt′E
QCD
qq¯g, l
(t′).
Hence by neglecting the higher energy level contribution of the hadron at the large time
[similar to eqs. (14) and (30) in QCD in vacuum and in finite temperature QCD respectively]
we find in non-equilibrium QCD from eq. (41)
[
∑
r′
< in|QH+ (0, r′)e−t
′H
QCD
qq¯g+QH+ (0)|in >]t′→∞ = | < in|QH+ (0)|H > |2e−
∫
dt′E
QCD
qq¯g (t
′).
(42)
Since the hadron is formed in the vacuum (outside the quark-gluon plasma medium) the eq.
(16) is applicable in eq. (42). Hence using eq. (16) in (42) we find
[
∑
r′
< in|QH+ (0, r′)e−t
′H
QCD
qq¯g+QH+ (0)|in >]t′→∞ = | < in|QH+ (0)|H > |2e−t
′EHe
∫
dt′E
QCD
flux
(t′).
(43)
Note that the eq. (17) for EQCDflux (τ
′) is in Euclidean time in QCD in vacuum which cannot
be used in eq. (43) because the eq. (43) is in real time. Extending eq. (17) to real time
(Minkowski time) in QCD in vacuum [similar to eq. (40) in non-equilibrium QCD] we find
dEQCDflux (t
′)
dt′
= [
< 0|∑r′′′ QˆH(0, r′′′)e−t′′′HQCDqq¯g ∑q,q¯,g ∫ d3x′∂kT k0QCD(t′, x′)QˆH(0)|0 >
< 0|∑r′′′ QˆH(0, r′′′)e−t′′′HQCDqq¯g QˆH(0)|0 >
]t′′′→∞.
(44)
Using eq. (44) in (43) we find [similar to eqs. (19) and (31)] for the hadron at rest [13]
| < in|QˆH+ (0)|H > |2 =


∑
r′ < in|QˆH+ (0, r′)e−t
′H
QCD
qq¯g QˆH+ (0)|in >
e
[
<0|
∑
r′′′
QˆH (0,r′′′)e
−t′′′H
QCD
qq¯g
∑
q,q¯,g
∫
dt′
∫
d3x′∂kT
k0
QCD
(t′,x′)QˆH (0)|0>
<0|
∑
r′′′
QˆH (0,r′′′)e
−t′′′H
QCD
qq¯g QˆH (0)|0>
]t′′′→∞


t′→∞
et
′MH .
(45)
Hence the hadron formation from the non-equilibrium quark-gluon plasma can be studied
from eq. (45) by using the closed-time path integral formalism in non-equilibrium QCD.
V. CONCLUSIONS
Recently we have reported the correct formulation of the hadron formation from the
quarks and gluons by using the lattice QCD method at the zero temperature. Similarly
11
we have also reported the correct formulation of the hadron formation from the thermalized
quark-gluon plasma by using the lattice QCDmethod at the finite temperature. In this paper
we have extended this to non-equilibrium QCD and have presented the correct formulation of
the hadron formation from the non-equilibrium quark-gluon plasma by using the closed time
path integral formalism. Hadron formation from the non-equilibrium quark-gluon plasma is
necessary to detect the quark-gluon plasma at RHIC and LHC.
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